Abstract: Micro flow devices of microvalves, micropumps developed very recently are introduced from the point of view of the actuating principle. Since such micro flow devices have multilevel staick structures of the wafers, the bonding methods play a very important role in the fabrication. The silicon-to-glass and the silicon-to-silicon anodic bonding methods using a sputtered Pyrex glass intermediate layer were studied to realize multi-level stacks. A time-of-flight type flow sensor was fabricated and tested.
INTRODUCTION
Micro flow devices fabricated by micromachining have very small dead volume able to realize precise control for small flow and fast response time [ 11. On the other hand, these devices can be integrated with micro flow sensors in order to obtain feedback control [2, 3] . In this case, discrete, standard connecting ports used in the conventional systems are not more necessary. A sophisticated micro flow systems of an integrated flow injection analysis system was also demonstrated [4.].
The performances of active microvalves and micropumps depend strongly on the features of the actuator. In facc the size of the devices are determined by that of the actuators. The actuators used so f u are classified into two cztegories: miniaturized conventional actuators and micromachinable actuators. The miniaturized conventional actuators of an electromagnetic plunger, small sized piezoelectric actuators and a small shape memory alloy actuator have been used in the early stage of micro flow control devices [I] . These actuators are exteinal actuators to be glued or mechanically assembled on the silicon structure. Many of recent micro flow control devices use micromachinable actuators. The most important advantage of micromachinable actuators is that no assembly is necessary, thus all the fabrication process of the flow control devices being in batchi. These devices, however, have to have multi-level wafer stack structures. The bonding method between the wafers is a key technology in the fabrication.
Anotber important micro flow device is a flow sensor. Many kinds of gas flow sensors have been developed. The majority of them use thermotransfer as a flow detection method [5] . Thermal isolation of the heater and the temperature detector fiom the substrate is very important to achieve high sensitivity and fast response. Micromachoining have been applied to realize such structures.
Microvalves and micropumps using micromachinable actuators are reviewed in the next section. The features of them are compared to those of micro flow control devices using piezoelectric stacks, typical first generation devices, and summarized. Studies on anodic bonding methods which play very important role on the fabrication of the micro flow control devices are presented in section 3. The structure and characteristics of a new time-of-flight type micro flow sensor are described in section 4.
MICROVALVES AND MICROPUMPS
The structures and simple equations representing generated pressure of micromachinable actuators are shown in Fig. 1 
Electrostatic Type
The electrostatic actuator has a very simple structure consists of a movable electrode and a fixed electrode as shown in Fig.1 (a) . It shows very fast response time. Since generated force of this actuator is inversely proportional to the second power of the distance d, available stroke is limited when reasonable generated pressure is required. In order to generate enough force to actuate the valve, the pressure of the fluid was used as a balancing force on the moving parts of the valve [6] .
The required force to actuate the valve can be only a small fraction of the total pressure of the fluid when the valve has been properly designed. The valve was made of stacked silicon structures bonded by the fusion bonding [7] . A microvalve to allow an adequate gas flow rate under low pressure was also fabricated [SI. It is a three-port gas valve consisting of a pair of electrodes covered with an insulation layer and a conductive film of Fe-Ni alloy between them. The f i l m is elastically bent by the applied voltage between one of the electrodes and the film. If this structure could be realized by micromachining, many applications are expected.
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Outlet Valve 2 Fig.2 Electrostatic type reciprocating micropump [9] An electrostatically driven micropump is developed [9] The structure is illustrated in Fig.2 . It consists of four stacked silicon wafers. The check valve is a bulk silicon cantilever formed on the two lower wafers. This can be fabricated fully in a batch process. This pump can be driven by very high frequency voltage wave up to 1000 Hz because of very fast response of the check valve as well as the actuator. At a frequency of 400 Hz, a flow rate of 350 pl/min and a maximum pressure of 2.4 mH20 were obtained. These values are comparable to those of the micropump using a piezoelectric stack.
Electromagnetic
Two types of miniaturized electromagnetic actuator was developed [ 10,111. One of then consists of a soft magnetic mass suspended by a spring beam and an external solenoid coil. The other one is consists of a current conductor and two magnets as shown in Fig.l(b) . In the latter case, the generated pressure according to the Lorentz force is proportional to the magnetic field and the applied current. It is constant through out the stroke. The response time is fast like electrostatic actuators. A large current is, however, necessary to generate a reasonable pressure. A microvalve actuated by a combination of electromagnetic and electrostatic forces was fabricated [l 11. The structure is illustrated in Fig.3 . It consists of a gas flow inlet having a counter electrode, a deflectable membrane coated by a metal conductor and two permanent magnets (2.5kGs). A current applied to the membrane perpendicular to the magnetic field causes an opening and closing deflection. A voltage can be applied between the membrane and the counter electrode to keep the valve close electrostatically against a specified gas pressure with low power consumption. 
Thermopneumatic
A thennopneumatic actuator has a sealed pressure chamber and a movable diaphragm as shown in Fig.2(c) . In the typical actuator, an inner gas or liquid of the chamber is heated by electricid dissipation in a heater resistor incorporated in the chamber. The generated pressure is large, that is comparable to that of a piezoelectric stack. The generated pressure is almost constant through out the stroke. The response time, holwever, is slow compared to the electrostatic and electroinagnetic actuators. The rising time of the actuator depends on the heat capacitance and the available power of the heater, while the relaxation t h e is determined by the heat transfer to the external world. A thennopneumatically driven microvalve using a sealed pressure cavity filled with a liquid is fabricated [ 121. The structure is a glass-silicon-glass stack. A resistive heater was formed on the glalss substrate. The dynamic range of this valve can be broad by adjusting cavity shape, boiling point of the control liquid, quantity of both gas and liquid molecules. A normalty closed microvalve as well as a normally open microvalve which can control liquids at 208 kgfkm:z or can control nitrogen gas up to 15 I/min at 7.1 kgfkm2 was fabricated.
A thermopneurnatic micropump was also fabricated using a glass-silicon-glass structure as shown in Fig.4 [3] . Ring type bulk silicon check valves were used, The pumping rate was in the range of 0 to 50 pl/min at a driving frequency of about 5 Hz. 
Bimetallic
The actuator consists of a center boss, a diaphragm or a beams made of bimetallic materials and a circular heater. By varying the electrical power of the heater and thus the temperature of the bimetal, the displacement of the center boss can he controlled. The generated pressure is proportional to the difierence between the thermal expansion coefficients of'the two materials and the elevated temperature. Strong force and reasonable displacement can be expected by using appropriate combination of thie two materials. The relaxation time is also The flow range and the controllable maximum pressure with air, He, N, and H, were from 0 to 600 mumin and 14 kgfk".
Features of the rpicrovalves and micropumps using micromachinable actuators are compared to those using a piezoelectric stack and are summarized in Table 2 
ANODPC BONDING

Silicon-to-Pyrex glass Anodic Bonding
A silicon-to-Pyrex glass anodic bonding method has been frequently used for fabricating microvalves and micropumps as described in Table 1 and 2. Since the bonding are taken place at more than 250 C that is necessary for alkaline ion migration, the thermal-expansion matches between glass and silicon are required to avoid bend after cooling. The bend causes the unexpected deformation of a diaphragm or the sticking between structures fabricated in the wafers. A Pyrex glass (Corning #7740) for which the thermal expansion matches to silicon have been widely used [14, 15] .
Bend was observed just applying a voltage to the glass at the bonding temperature. At the bonding temperature, alkaline ions like sodium move to the cathode so that a depletion layer was formed near the anode. We also found that the bend related to the total charge, the integration of the alkaline ions displacement current. To estimate the thickness of the depletion layer, the changes of the etching rate fiom the surface to bulk of the bend Pyrex glass were measured. Since the etch rate of the depletion layer is larger than that of the bulk, the thickness of the depletion layer is able to be estimated. The thickness of the depletion layer and the bend vs. the total charge are shown in Fig.6 . The relationships between the bend and the thickness of the depletion layer are also shown in Fig.7 . The glass having greater depletion layer shows greater bend. The bend was disappeared &er etching the depletion layer. These experiments suggested that the compressive stress is generated in the depletion layer, thus causing the bend. Another problem of the glass-to-silicon anodic bonding is the deposition of alkaline atoms to the cathode. It reacts with the native surface water to form alkaline hydroxide which in turn attacks the glass [16] . When another stack of a silicon is required, this layer has to be removed by a diluted €IF solution.
The lower applied voltage reduces the bend caused by the alkaline depletion layer as well as the lower bonding temperature reduces the bend caused by the thermal-expansion mismatch. Since the temperature distribution in the glass could be a reason for the residual stress, the hole systems should be heated up to the same temperature. By taking a wide cathode area and using a heating chamber as shown in Fig.8 , both the bonding temperature and the applying voltage were reduced to 320 C and SOOV. The wide cathode is also effective to make the necessary bonding period shorter. The improved set-up enables smaller bend as mentioned in Fig.8 . By using thick glass of 1.2 mm in thickness, the total bend of a glass-siliconglass stack was almost zero. Numbers of the bonded samples classified by the bond strength with parameter of the total charge during bonding are shown in Fig. 1 1. The bond strength depends on the total charge but do not depend on the thickness of the Pyrex glass. A reasonable bond strength is obtained at the charge par area of greater than 3.0 mC/cm2. The minimum thitkness of the Pyrex layer which can be bonded was about 2000 A. This experiment indicated that the required temperature and applied voltage are able to be recognized by monitoring the total charge. We have developed a new time-of-flight micro flow sensor considering these features. It has a comb like structure which suits for assembling in a tube as shown in Fig.12 . The sensor consists of a micro heater and three resistive temperature sensors formed at the tip of each tooth of the comb. The temperature sensors are located at distances of 1 mm, 4.2 mm, 10.2 form the heater. The heater and the sensor resistor has similar structure, as the cross sectional view shown in Fig. 13 .
The TLTt resistor is formed on the Si3N4 and Si02 diaphragm to obtain a thermal isolation. The diaphragm is supported by a square frame made of heavy boron doped pf silicon. A pf silicon plate is formed under the center part of the diaphragm to avoid bending due to the thermal expansion mismatch of the resistor and the membranes. A photomicrograph of the micro heater is shown in Fig.14 . The thermal time constant of the micro heater was about 24 msec. In order to detect the time-offlight, a pulse current is applied to the heater and the changes of temperature of the stream are measured by the resistive temperature sensors. Using a bridge readout circuit for resistance change, the output is converted to the voltage. The output voltage forms of the sensor (1" from the heater) at a different flow velocity is shown in Fig.15 . The reciprocal of time-of-flight measured by three dBerent sensors vs. calculated flow velocity is shown in Fig. 16 . Since stickmg of stains on the sensors from the gas exerts small influence on the measurement, many applications are expected. 
CONCLUSIONS
Microvalves and micropumps using micromachinable actuators are reviewed from the point of view of the actuating principle. SophisTicated micro flow systems will be more realistic by using these devices. Since such micro Bow devices have multi-level stack structures of the wafers, the bonding methods play a very important role in the fabrication. The silicon-to-glass md the silicon-to-silicon anodic bonding methods using a sputtered Pyrex glass intermediate layer described here are very useful to realize multi-level stacks. A micromachined time-of-flight type flow sensor will give a new possibility on actual gas flow measurements.
